Background: To assess whether noncontrast-enhanced magnetic resonance imaging (NC-MRI) is an alternative to contrastenhanced computed tomography angiography (CTA) for aortoiliac measurements before endovascular abdominal aortic aneurysm repair (EVAR). Methods: This study encompasses 30 patients admitted for elective EVAR (27 men and 3 women). Two expert readers (vascular radiologist and vascular surgeon) reviewed CTA images in consensus and chose the proper endograft for each patient. Subsequently, a vascular radiologist and a resident radiologist (observer 1 and 2) reviewed CTA and NC-MRI examinations in a double-blind way and completed standard measurements. The interobserver and intermodality agreement was calculated by intraclass correlation coefficients (ICCs). Furthermore, the correlation between the endograft size chosen by the first pair and the second pair of observers was evaluated. Results: Concerning all measurements, no significant difference was found. Both CTA and NC-MRI angiographic measurements showed strong correlation. Interobserver ICCs for CTA and NC-MRI showed ranges of 0.62 to 0.99 (mean: 0.92) and 0.56 to 0.99 (mean: 0.91); intermodality ICCs for observer 1 and 2 showed ranges of 0.64 to 0.99 (mean: 0.92) and 0.56 to 0.99 (mean: 0.92). The CTA and NC-MRI vascular measurements correlated strongly, except for both external iliac artery diameters. The choice of stent size was always the same between the 2 observers; furthermore, graft size was always in agreement with that selected prospectively. Conclusion: Computed tomography angiography remains the standard of reference for EVAR planning; NC-MRI can be an option for patients with contraindications for CTA, in particular those with renal impairment.
Introduction
The first experimental and clinical study on endovascular abdominal aortic aneurysm repair (EVAR) of abdominal aorta (AA) was published by Parodi et al 1 in 1991. Currently, the treatment, initially addressed only to patients at high anesthetic risk and therefore not suitable to "open treatment," is broadly used. [2] [3] [4] Various anatomical parameters concerning aortic neck, aneurysm sac, iliac, and collateral aortic arteries must be evaluated to determine patients' suitability to EVAR and to choose the proper device. In current clinical practice, contrastenhanced computed tomography angiography (CTA) is the most widely used modality to obtain these measurements, despite radiation-induced risks and nephrotoxicity of iodinated contrast medium (CM). 5 Using gadolinium-enhanced magnetic resonance imaging (MRI), these risks could be overcome, even if a correlation between paramagnetic CM and nephrogenic systemic fibrosis was reported. 5 Therefore, noncontrastenhanced MRI (NC-MRI) has been suggested; good spatial resolution and acceptable acquisition times can be obtained using balanced turbo field-echo sequences, which are able to distinguish between flowing blood and background tissues (including endovascular thrombus). In the literature, there are few papers about this matter. 6, 7 The aim of our study has been to compare NC-MRI to CTA in the planning of EVAR treatments; unlike previous works, 6, 7 in this study, we have used 5 different endograft types and employed just 1 software for measurements in NC-MRI and CTA.
Materials and Methods

Ethics Approval
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.
Written informed consent for participation in a research study was obtained from all individual participants included. This is a retrospective study of anonymized data, so no ethics committee approval was needed.
Patients
This study was conducted in a 19-month period (September 2013 to April 2015). Patients with certain diagnosis of aneurysm of AA, coming to our center to be treated, were recruited. We excluded patients suitable for open treatment and those who had contraindications to MRI (presence of metallic devices or claustrophobia).
Written informed consent was obtained from all patients who underwent preoperative NC-MRI. Thirty patients were recruited: 27 men with a mean age of 72.4 years (range: 55-80 years) and 3 women with a mean age of 81.3 years (range: 78-84 years).
All patients underwent preoperative CTA and NC-MRI at a maximum interval of 60 days. The NC-MRI was carried out within 4 days of undergoing EVAR treatment (average of 1 day).
Computed Tomography Imaging Protocol
All examinations were performed using a 64-detector CT scanner (MSCT Aquilion 64; Toshiba Medical System, Tochigi, Japan). Images were obtained with 100 kV tube voltage and a current modulation between 80 and 440 mA. Other parameters were: 64 Â 0.5 mm collimation, 0.5 seconds gantry rotation time, and a pitch of 0.828. Scanning started about 2 cm above the diaphragm until great trochanters.
An 18-gauge intravenous cannula was placed into a superficial vein located in the antecubital fossa, forearm, or dorsum of the hand for CM administration; a high concentration CM (iobitridol 350 mg I/mL, XENETIX 350; Guerbet, Villepinte, France) was given; mean volume was 106 mL (range: 80-125 mL); an injection rate of 3.5 mL/s was used for all patients. Injection of CM was always followed by a 40-mL saline chaser at the same rate of 3.5 mL/s, using an automated power injector (Stellant, Medrad; Bayer Healthcare, Leverkusen, Germany).
Both the automatic and the manual timings of the arterial phase acquisition were used, the manual one with an enhancement threshold of 150 HU.
Magnetic Resonance Imaging Protocol
All examinations were performed by a 1.5-T superconductive MRI scanner (Magnetom Avanto; Siemens Healthcare, Erlangen, Germany) with a 16-channel phased-array body multicoil (Body Matrix; Siemens Healthcare).
Abdomen scanning was performed from the diaphragm to the femoral heads. After "localizers," a single-shot balanced turbo field-echo sequence (TRUE FISP: fast imaging with steady state precession) was used for abdomen evaluation oriented in transverse, coronal, and sagittal planes. Sequences were acquired without respiration-or cardiac-triggered technique, in free breathing.
The imaging parameters used were the following: repetition time 3.75 milliseconds, echo time 1.60 milliseconds, flip angle 60 , matrix 192 Â 320, field of view 40 Â 35 cm, section thickness 3.5 mm, overlap 0 mm. Acquisition times were 43 seconds for axial plane, 39 seconds for coronal plane, and 39 seconds for sagittal plane. Whole time for each examination was <10 minutes.
Image Analysis
Image analysis was divided into 2 different steps: First, a few days before NC-MRI, an expert interventional radiologist (with a 10-year experience) and an expert vascular surgeon (with a 10-year experience) reviewed the CTA images in consensus and chose the proper endograft for each patient.
Subsequently, few days after NC-MRI, a vascular radiologist (with a 6-year experience) and a resident radiologist (with a 3-year experience) reviewed all the CTA and NC-MRI examinations in a double-blind way to assess the interobserver and intermodality variability.
Both CTA and MRI images were visualized with a Picture Archiving Communications System Agfa Impax workstation (Agfa Healthcare, Gevaert Group, Mortsel, Belgium), using the workstation reconstruction software (multiplanar reformations [MPR], Impax GTI v. 7.3.3567) for CT images, to evaluate AA and its branches ( Figure 1 ). This kind of manual reconstruction, without the use of automatic measurements, allowed better comparison with measurements taken on NC-MRI imagesmade also in a manual way. The NC-MRI images were reviewed on the 3 acquired planes, correcting by hand the inclination plane when necessary ( Figure 1A-C) .
Both the observers assessed the following parameters for each examination ( Figure 2 ):
1. Diameter (proximal and distal) and length of the proximal aortic neck; 2. Aneurysm sac diameter; 3. Lowest renal artery to aortic bifurcation length; 4. Aortic bifurcation diameter; 5. Diameter of both common iliac arteries and both external iliac arteries; 6. Distance from the most caudal renal artery and right and left internal iliac arteries origin; 7. Length of both right and left iliac common arteries; and 8. Neck angle of the aneurysm sac.
In both examinations (CTA and NC-MRI), the presence of accessory renal arteries ( Figure 3 ) as well as aneurysms and steno-occlusive diseases of iliac arteries were evaluated. Then, according to MRI analysis, a virtual endograft placement was planned by the 2 readers who chose the endograft size from a "pool" of 5 types available in our department: (1) Excluder "C3" (Gore Medical, Verona, Italy), (2) 
Statistical Analysis
Statistical analysis was performed by employing a statistical software (MyCalc; STAT Pac Inc; Northfield, Minnesota). Intraclass correlation coefficients (ICCs) were used to assess the reproducibility of measurements between the 2 modalities for 2 observers (ie, intermodality agreement) and between the 2 observers for the 2 modalities (ie, interobserver agreement). The ICC ranges were defined as follows: 0.0 to 0.20, slight agreement; 0.21 to 0.40, fair agreement; 0.41 to 0.60, moderate agreement; 0.61 to 0.80, good agreement; and 0.81 to 1.00, excellent agreement. A delta value about estimation of measurements in analysis was introduced to complete interobserver and intermodality variability.
Results
Noncontrast-enhanced MRI was performed successfully in all patients, and the retrospective planning for EVAR was feasible in all cases.
Anatomic Measurements
Artifacts-even if 1 patient had bilateral hip arthroplasty, 2 patients had iliac stents, and another 1 had renal artery stent-did not hamper measurements in any case. Interobserver ICCs were calculated for all single measures, and they are summarized in Table 1 , A (for CTA) and Table 1 , B (for NC-MRI) and Figure 4 ; intermodality ICCs-also calculated for all single measures-are summarized in Table 2 , A (for observer 1) and Table 2 , B (for observer 2) and Figure 5 . The CTA and NC-MRI measurements correlate strongly, except for both external iliac artery diameter. Interobserver ICCs for CTA and NC-MRI showed a mean value of 0.92 and 0.91, respectively; however, the interobserver agreement for CTA was 0.62 for the right iliac artery and 0.68 for the left iliac artery ( ICCs for observer 1 and 2 showed a mean value of 0.92 and 0.92, respectively; likewise, for observer 1, the intermodality agreement was 0.65 for the right iliac artery and 0.64 for the left one (Table 2, A); for observer 2, it was 0.58 for the right iliac artery and 0.56 for the left one (Table 2, B).
Renal Arteries and Iliac Arteries
Accessory renal arteries were detected in 12 cases at CTA (16 arteries identified: in 4 cases, there were bilateral accessory renal arteries; in 5 cases, 1 accessory renal artery on the right; and in 3 cases, 1 accessory renal artery on the left; Figure 3) . Concerning MR images, in only 1 case-probably due to breathing artifacts and tiny dimensions (2 mm)-an accessory renal artery was not detected by both observers: MRI sensitivity and specificity compared with CTA, which is the standard of reference, were 94% and 100%, respectively.
The anomalies of iliac arteries-in particular 3 aneurysms (right iliac common artery in 2 cases, right external iliac artery in 1 case) treated with an iliac extender leg; 2 stenoses (left common iliac artery in 1 case and right common iliac artery in the other case) treated with percutaneous transluminal angioplasty (PTA) angioplasty; and 1 steno-occlusion (left external iliac artery) treated with an iliac extender leg-were detected similarly by CTA as well as by NC-MRI.
Choice of Stent Graft
In this study, both readers defined retrospectively endograft size, already knowing the kind of graft chosen in consensus by an expert interventional radiologist and an expert vascular surgeon before EVAR (see "Image Analysis"). The choice of stent size was always the same between the 2 observers; furthermore, graft size was always in agreement with that selected prospectively.
For 10 patients, Medtronic suprarenal hooking graft was chosen because of a hard proximal neck angulation; for 9 cases Gore graft, due to a better proximal neck; for 5 patients Cordis graft because of hard iliac axes anatomy; for 4 cases trivascular graft because of an extremely hard proximal neck; and for 2 cases Bolton graft because it was the only available. All the necks of treated aneurysms had an angle of less than 60 ; however, in 10 cases, they were classified as "hard" in relation to an angle close to 60 (range between 40 and 58 ) or "extremely hard" (4 cases) if an unfavorable angle was combined with wall thrombosis, wall calcifications, and length of <20 mm.
Endoleaks, both type I and II, were observed after treatment. Three type Ia endoleaks were detected during the postangiographic control and immediately treated. Eight type II endoleaks were detected after the procedure (range: 1-18 months): In 5 cases, the aneurysm sac size remained stable at the following CT controls; in the other 3 cases, the aneurysm size increased, so they were treated with metal coils and ethylene-vinyl alcohol copolymer (Onyx; Covidien, Irvine, California).
Discussion
Over the last decade, recommendations about the placement of endovascular stent grafts for aneurysm exclusion of AA increased significantly, while the absolute contraindications have been reduced. 8, 9 To avoid early and late postoperative complications, the preprocedural planning has gained an increasingly important role. For EVAR election and evaluation of anatomical parameters, CTA remains the standard of reference; however, in the literature, some studies have proposed to run the planning using NC-MRI in relation to the radiation dose saving and preservation of renal function. 6, 7 Our study, compared with the other papers published in the literature, 6, 7 confirms not only the interobserver agreement of NC-MRI measurements but also their agreement with those provided by CTA: Interobserver ICCs for CTA and NC-MRI showed average values of 0.92 and 0.91 and intermodality ICCs for observer 1 and 2 showed average values of 0.92 and 0.92. We did not observe important differences in lengths, diameters, and angle measurements, except for both external iliac vessel diameters (Tables 1 and 2 ). However, this variation in measures, greater than that reported in the literature data, 6, 7 refers to vessels of small sizes and neither affects the choice of the endograft nor causes a change in the overall results.
There are other differences between our study and those in the literature 6, 7 : Our study regarded more parameters than Saida et al 6 -such as the diameter of the aortic bifurcation and some lengths (from lower renal to internal iliac artery length)-and Goshima et al 7 -such as the angle between the proximal neck and the aneurysm.
There are also some technical differences in NC-MRI sequences between our study and other works. Saida et al 6 used breath-hold sequences in the axial plane with 110-second scan time and respiratory-triggered technique in the coronal plane with 89-second scan time to give anatomical continuity to images, whereas Goshima et al 7 used a rather large overlap and the respiratory-triggered technique (acquisition time: 3-5 minutes) with the same purpose. In our experience, we used a nonrespiratory-triggered technique without overlap, favoring reduced flip angle and lower section thickness; so, we obtained short sequences in the axial, coronal, and sagittal planes (each with an acquisition time of about 40 seconds) with great anatomical details and the best signal-noise ratio. Furthermore, unlike the previous works, 6,7 we used 5 different kinds of endografts (Gore, Medtronic, Bolton, Trivascular, and Cordis) and showed that NC-MRI was a reliable technique not only for Excluder Gore planning 6, 7 or Zenith Cook 6 but also for the other types of graft.
As regards accessory renal arteries, MRI has a poor sensitivity in detection of vessels with a diameter of <2 mm 10 ; in our experience, MRI sensitivity was better (94%) than that reported in the literature, 6, 7 probably due to the vessel caliber (in only 1 case, it was <2 mm). Obstruction of such tiny vessels, undetectable on MRI images, does not increase the risk of post-EVAR morbidity in the long term. 10 In our study, the features of the parietal thrombus, which can be evaluated by MRI better than by CTA, were not taken into account, although it has been suggested that the aneurysm wall is thinner and it contains less elastin in thrombus-covered areas than in the uncovered ones 11, 12 ; in particular, bleeding into the thrombus is associated with impending aneurysm rupture through the weakened wall. 13 However, at the present moment, the success of EVAR depends mainly on the precise measurements of various diameters, lengths, and angles of AA and iliac arteries to select the proper device.
The limitations of our study are (1) the relatively small sample (such as, the other articles published so far); (2) not enclosing patients with renal insufficiency; and (3) including only patients already scheduled for EVAR, so the patient suitability to EVAR was not assessed with NC-MRI, unlike Saida et al 6 who also considered patients who were candidates for "open repair."
In conclusion, our study shows that NC-MRI is a reliable alternative to CTA for EVAR planning. Computed tomography angiography remains the standard of reference; however, in patients with renal impairment-to whom iodinated and paramagnetic CM cannot be administered-the employment of NC-MRI can be suggested because it allows accurate measurements of anatomic structures for preoperative planning.
Conclusion
Noncontrast-enhanced MRI (NC-MRI) is an alternative to contrast-enhanced CTA for aortoiliac measurements before EVAR. The NC-MRI allows for appropriate endograft selection and sizing. Computed tomography angiography remains the standard of reference for EVAR planning. Noncontrastenhanced MRI can be a reliable modality for patients with contraindications for CTA, in particular those with renal impairment.
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